A new method has been developed to assess the level of exposure from airborne hazardous substances. The method provides subjective exposure assessments using a structured approach, based on descriptive information about work activities and the work environment. Validation of the method has been carried out for 63 jobs involving ®ve dierent agents: man-made mineral ®bres, asbestos, styrene, toluene and mixed respirable dust. In three cases, there were two occupational hygienists who completed the assessments and in the remaining scenarios there was only one assessor. The subjective exposure assessments generally showed a statistically signi®cant correlation with exposure measurements (correlation coecient for the logtransformed data generally ranging from 0.31 to 0.93). The main exception to this pattern was the styrene data set where there was a small dierence between the highest and lowest measured exposure level and this resulted in a much poorer association between the estimated and measured values. The assessments were also positively biased, with the ratio of the geometric mean estimated level to the measured level typically ranging from 1.3 to 2.2. Possible causes of the bias are discussed along with strategies to minimise its eect. #
INTRODUCTION
Epidemiological studies rely on estimates of exposure in an attempt to identify causal links with disease. For example, the mortality experience of European man-made mineral ®bre (MMMF) workers has been studied over several years (Saracci et al., 1984; Simonato et al., 1987; Boetta et al., 1997) . These studies have shown a statistically signi®cant increased risk of lung cancer (in the latest follow-up, the SMR was 134 with a 95% con®dence interval of 108±163) in the group of workers who have manufactured rock/slag wool (Boetta et al., 1997) . However, the interpretation of these results is complicated. In some cases, the factories started manufacturing in the 1930s and, throughout this time, workers have been exposed to a range of hazardous substances, including MMMF, asbestos, bitumen and arsenic. The results from the epidemiological studies are`not sucient to conclude that the increased cancer risk is related speci®cally to exposure to rock/slag wool' (Boetta et al., 1997) because of the presence of other lung cancer risk factors in the work environment.
Historical exposures have previously been investigated in this cohort Cherrie et al., 1987; Krantz et al., 1991) . However, all of these investigations assessed average exposure for all workers within each factory, and only to respirable MMMF. No systematic exposure data exist for other workplace pollutants since most were eliminated from the work environment before the research started and this situation is typical of many other epidemiological studies.
In an attempt to tackle these de®ciencies, we have developed a new method to reconstruct exposure levels for any hazardous substances (Cherrie et al., 1996) . This method uses descriptive information about the jobs and processes in a structured subjective assessment using a model of the exposure situation. We believe that a model of this type could help address whether the risks observed in the European MMMF industry, or other similar situ-ations, should be attributed to exposure to hazardous substances in the workplace. This paper describes a number of studies of the validity of this new exposure assessment method. In these investigations, the validity has been assessed by applying the method to several work situations where exposure measurements existed but were unknown to the assessor. Comparison with the measurements have provided measures of bias and association for the new method. In addition, to assess repeatability, exposure reconstructions were repeated after approximately six months for some of the work situations.
OUTLINE OF THE METHOD
The exposure reconstruction method is described by Cherrie et al. (1996) , along with an example of its application to assess exposure to polycyclic aromatic hydrocarbons in a MMMF factory where tar was used to manufacture electrodes for a furnace. In this section of the paper, we brie¯y describe the approach used to reconstruct exposure.
The method is constructed around a model of the exposure process, which is based on characterising emission from sources in the work environment and then allowing for the interaction of workers with the dispersed pollutant. The ®rst part of the model comprises three components: intrinsic emission of the pollutant (e i ); the method of handling or processing at the source (h) and the eciency of any local controls, such as local ventilation (Z lv ).* Intrinsic emission is considered to be an innate property of the substance being handled. It is the potential for the substance to be released into the air during some standardised form of handling. So, for MMMF, the two most important characteristics which would determine intrinsic emission are the ®bre nominal diameter and the presence of oil on the surface of the ®bres (Krantz et al., 1991) . As nominal diameter increases and/or as the quantity of oil on the surface of ®bres increases, up to a limit of about 0.5%, then the ®bre emission decreases. For solids, the intrinsic emission is dependent on the dustiness of the material and, for liquids, intrinsic emission of vapour is dictated by vapour pressure.
The impact of handling on exposure is probably associated with the amount of energy imparted to the hazardous substance (Plinke et al., 1991) . For example, sawing a ®bre-containing product would produce a higher handling component in the model than lifting and stacking the same material. Finally, local ventilation and other similar engineering control measures will reduce actual emission from a source into the workroom. It is assumed that these three factors are all independent and act in a multiplicative way, their product being the active emission from the source (e a ):
Exposure may also arise from passive emission or fugitive sources (e p ). These are sources which are unpredictable in both time and space. So, for example, emission from leaks from pressurised powder transport pipes or from liquid spills on¯oors would come into this category. Local ventilation will generally not aect passive emission since the source is unlikely to occur within the relatively limited zone of in¯uence of such systems.
Two other factors are important in determining the impact of a source on workers' exposure: the time that the source is actively emitting (t a ) and the use of personal protective equipment (Z ppe ). It is assumed that these two terms also aect exposure level in a multiplicative way, with a reduction in the time the source is active producing a pro-rata reduction in daily average exposure level. As for local ventilation, the multiplier for personal protective equipment is (1ÀZ ppe ). So, according to this model, the exposure level (C) from a source close to a worker would be given by:
Note that the emission terms (i.e. e i and e p ) represent the concentration generated in either a standardised task without local ventilation or as fugitive emissions. They have units of concentration. The other terms in the above equations are all dimensionless.
We now hypothesise that sources can arise in two distinct zones: the near-®eld of a worker or his far®eld. This is a rather crude simpli®cation which is intended to account for the lesser eect of distant sources on worker exposure. We have de®ned the near-®eld as a volume of approximately 8 m 3 surrounding a person, i.e. a cube of side 2 m, centred on the workers head. Sources which are within an individual's near-®eld are assumed to act directly to cause exposure, as described above. Sources in his far-®eld will have their impact reduced because of dilution or general ventilation (d gv ), either provided by the natural ventilation in a building or from mechanical fans extracting or supplying air into the general body of the workroom. It has been assumed that the eect of general ventilation is to reduce the exposure level arising from the far-®eld sources in a multiplicative manner. Therefore, using analogous notations, the contribution to exposure level from the far-®eld sources would be:
Note that in the original description of the method (Cherrie et al., 1996) , we used Z lv to represent the multiplier for local controls rather than the eciency of the system. In this paper, we use (1ÀZ lv ) as the multiplier.
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Reconstruction of exposure levels for a particular job title may be carried out by subdividing the work into component tasks or operations, and dealing with each separately. For example, someone who is moulding shapes made from MMMF may have three tasks: preparation of the moulds at the beginning of the day, forming the shapes and cleaning the work area at the end of the day. The reconstruction process would consider each of these separately, assuming that individual tasks are independent of each other. The reconstructed exposure level for each task (j) may then be combined together as a time-weighted summation for the`n' tasks making up the job title.
where D j is the fraction of time each task is performed. Practical application of the exposure model outlined above requires that numeric factors be assigned to each of the parameters for each task for sources in the workers' near and far-®eld. There is currently little objective information to guide these choices and so the exposure reconstruction process relies on the assessor making subjective judgements based on general guidance prepared as the method was developed (see theAppendix for the guidance provided for the three parameters described in Eq.
(1)). In some instances, data do exist, for example concerning the in¯uence of dierences in ®bre nominal diameter on dustiness, and these data may be incorporated into the reconstruction. The following section contains an example illustrating the application of the method.
APPLICATION OF THE METHOD TO RECONSTRUCT PAST EXPOSURE LEVELS
The following example is drawn from one of the scenarios used to validate the model. It concerns a worker who stacks boards made in a factory producing MMMF insulation (i.e. the take-o attendant). The information presented here is all that was available to the assessors.
This job was located at the ®nishing end of a production line producing domestic glasswool insulation. The production line made a medium-sized nominal diameter glass ®bre product in the form of boards (1.2 m by 4 m by 15 cm). The line was located in a very large room with three other production lines all making similar products, although the nearest adjacent line was more than 15 m distant. The take-o attendant spent 100% of his time manually taking ®nished boards o of the line and stacking them. The production line ran continuously. The ®nished product is made with a cured, phenol-formaldehyde binder. General ventilation was supplied by the make-up air used to replace the air exhausted in the ®bre forming area, which was greater than 65 m from the ®nishing end; air movement could be perceived at the take-o attendants work station. There was no local exhaust ventilation near the take-o job. All other take-o and packing jobs at the end of this line were located more than 6 m from this job. No respiratory protective equipment was used, although gloves and safety glasses were worn.
The reconstruction is undertaken using a tabular format implemented as a computer spreadsheet ( Table 1 ). The ®rst step requires the division of the work into task components; in this case, there is just a single task which is stacking boards. This task is in the workers near-®eld. However, the same task is carried out by other workers in his far-®eld. At this stage, the fraction of time spent in each task (row 13) is inserted into the table. Here, both the near and far-®eld tasks lasted 100% of the time. Next, the intrinsic emission is allocated (row 5). In this case, the assessors were provided with general guidance which suggested that intrinsic emission should be allocated between zero (no emission) and 10 (very high emission), using several discrete categories. From previous experience, the emission is likely to have been low (0.3) or very low (0.1) and the latter category was in fact selected. Handling (row 6) was chosen in a similar way from a categorical scale, with 0.3 being selected (described as lifting, stacking or pouring in the guidance). The guidance for local controls (row 7) recommends three values for (1ÀZ lv ): 1 for no local ventilation, 0.3 for some form of local controls and 0.1 for well designed and maintained local controls. In this case, there was no local ventilation. Because the near and far-®eld operations are identical, the values for each of the factors used for these ®rst three parameters in the model were the same. No allowance is made for multiple operations in the far-®eld.
Active emission is calculated automatically in the spreadsheet as the product of the above values, as described in Eq. (1). The value which is obtained is a dimensionless estimate of exposure level for the task being undertaken continuously, with no allowance for general ventilation or other subsequent model parameters. It is intended that a value of one' should correspond to some target concentration; in the case of man-made mineral ®bres, this is 1 ®bre/ml, but for example for crystalline silica, a value of 0.1 mg/m 3 was chosen. The guidance for passive emission (row 10) stresses that it should generally be much lower than the active emission and, from experience, a value of 0.01 was used in this case. There was no respiratory proValidation of a new method for structured subjective assessment of past concentrations 237 tection (row 12) used in this job and so a value of one was entered. The general guidance in this case was similar to that for local controls, although the possible range of categorical values was greater. Finally, the guidance on general ventilation (row 11) suggests that a value should only be assigned if the source was in the far-®eld and it should be`one' for poorly ventilated small rooms, 0.3 for larger rooms or rooms with good general ventilation or 0.1 for large well ventilated rooms. The latter value was selected in this case.
The fractional exposure is calculated by combining the values in rows 8 through to 13 in the table, as described in Eqs (2) and (3). Total exposure is then obtained by summing all of the values in row 14. In this example, the estimated exposure level was therefore 0.044 ®bres/ml. For comparison, the measured arithmetic mean exposure level for this job was 0.041 ®bres/ml, based on six measurements.
VALIDATION STUDIES
Validation of the method has been undertaken using ®ve sets of exposure data: for workers employed in the heavy clay industry in the UK (exposed to mixed respirable dust), for rubber and pigment coating workers in the UK (exposed to toluene), for workers from Denmark making glass ®bre reinforced plastics (exposed to styrene), for simulated asbestos exposure in a contaminated warehouse (amosite and chrysotile) and MMMF workers in the US (exposed to airborne MMMF). The data are described in Table 2 .
The exposure reconstructions were undertaken by two experienced occupational hygienists. Each was sent a detailed description of the jobs and tasks, the work environment, any controls and other relevant information. The principal exception to this was the data for the coating workers and the asbestos workers which were only assessed by one person (Assessor 1). None of the exposure data were known to the assessors prior to this exercise and the job descriptions were generally independently prepared. No information about the measured exposure levels was disclosed to the assessors in advance of the exercise. Copies of all of the job and process descriptions, along with the corresponding measured exposures, have been retained by the authors.
Regression analysis was carried out using the Minitab statistical software package. Initially, the data were examined in a series of graphs and tables with the objective of investigating the relationship between estimated and arithmetic average measured exposure level. Concentrations can usually be ®tted to a log-normal distribution. Regression analysis was therefore made on the log-transformed data and, in general, this resulted in normally distributed residuals. The regression model is therefore log e (-measured)=a+bÁlog e (estimated).
Heavy clay workers exposed to mixed respirable dust There were eighteen jobs described for workers in the clay brick manufacturing industry, including shovel drivers and others working within cabbed vehicles, mill operators, packers and other machine operators, along with managers, mechanics and other ancillary workers. The results of the assessments were compared with the average measured exposure levels for these jobs (Love et al., 1995) and both assessors were informed of the results, including summary statistics. After a period of approximately six months, the exercise was repeated with the same datasets. The assessors could not recall the details of the previous exposure assessment exercise (neither the subjective assessments nor the measurements) and so it was felt that this was a reasonable check on the reproducibility.
All of these workers were exposed to mixed respirable dust, including crystalline silica, from their own work activities or because of the proximity of their work to brick manufacture. The measured eight-hour time-weighted average personal respir- able dust concentration (exposure levels) for these jobs ranged from 0.1 mg/m 3 to 5.8 mg/m 3 . In this validation exercise, only mixed respirable dust was assessed because of the diculty in measuring low concentrations of crystalline silica in all of the jobs.
The data for the ®rst assessor agreed quite well with the measured exposures (Fig. 1) . It should be noted that these data are presented on the log scale and that the diagonal line on the graph represents the 1:1 line, not any ®tted line.
The correlation coecients between the log-transformed concentration measurements and the logtransformed estimates of exposure level by the ®rst assessor were 0.69 and 0.74, for the ®rst and second assessments respectively. Both sets of assessments showed a positive bias (based on the ratio of the geometric mean concentrations), over the measured values on average over jobs, 1.25 for the ®rst assessment and 1.54 for the second. The slope of the regression line was statistically signi®cant for both cases ( p<0.002); the constant was not signi®cant in the ®rst assessment and just signi®cant in the second ( p=0.04).
The data from the second assessor (Fig. 2) were less well correlated with the measurements: the correlation coecients for the two assessments of logtransformed estimated exposure level against measured concentration were 0.31 and 0.55, respectively. The ®rst assessment showed a slight positive bias (1.48) while the second assessment showed a larger negative bias (0.15). The slope of the regression line was signi®cant in the second assessment ( p=0.02) but not in the ®rst. The constant was not signi®cant in either case.
Coating workers exposed to toluene
These data were obtained from two factories: one involved in the application of a rubber compound to a cloth and the second where various pigments were mixed and printed onto polyester fabrics. Information about the processes was obtained from written occupational hygiene reports and from interviews with the hygienists who had carried out the measurements. The assessments of exposure were carried out once by Assessor 1. Although workers were exposed to a mixture of solvents, the reconstruction was only carried out for toluene because it was ubiquitous.
The estimated exposure levels from this exercise are shown in Fig. 3 . There was generally good agreement between the estimated and measured exposure levels. The correlation coecient between the log-transformed exposure levels was 0.87, with the estimates showing a slight positive bias (1.3). The slope in the regression equation was highly signi®-cant ( p<0.001) although the constant was not signi®cant. Validation of a new method for structured subjective assessment of past concentrations 239
In three jobs from the pigment plant with relatively low measured concentrations, the subjective assessments were higher than the measured exposure levels. These were for one of the mixer operators (assessed exposure level 40 ppm, measured value 5.2 ppm) and the set-up operator and supervisor (assessed levels 5 ppm and 7 ppm, measured values 1.2 ppm and 1.5 ppm, respectively). One explanation for this may be the absence of accurate information on the actual amount of time these men spent working with solvents.
Glass®bre reinforced plastics workers exposed to styrene
The assessment of exposure levels for the Danish plastics workers was carried out in a similar way to those for the clay workers. There were fourteen jobs, from two factories: one producing windmill wings and stems and the second manufacturing a variety of water tanks. Detailed information was available on the duration of the work tasks.
The measurements of styrene concentration were made, within the breathing zone of the workers, over the duration of a variety of tasks throughout a working day. These data were then used to estimate the time-weighted average concentration over an extended period of time using task information kept by the workers in a logbook (Olsen, 1994) . Timeweighted average concentrations ranged from 40 mg/m 3 to 76 mg/m 3 in the mill wing manufacturing plant and from 54 mg/m 3 to 108 mg/m 3 in the tank manufacturing facility. Further details of the measured concentration data may be found in Olsen and Jensen (1994) .
In the mill wing plant, Assessor 2 produced estimates higher than the measurements (bias 1.5 and 1.17, for the ®rst and second assessment respectively), while Assessor 1 made estimates which were all lower than the measurement data, (bias 0.48 and 0.25). None of the regressions were signi®cant. In Fig. 2 . Comparison of measured and estimated exposure levels for respirable dust (Assessor 2, ®rst and second assessment). 
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the tank plant, both assessors produced similar estimates of exposure level, but these were all much higher than the measurements (bias between 2.05 and 3.35). The correlation between the measured exposure levels and the assessed values was poor which, in part, may be due to the small range of measured exposure levels. These regressions were also not statistically signi®cant.
The most probable reason for the large positive bias in the tank manufacturing plant was an accidental omission in the description of the ventilation in the scenario used by the assessors (good general ventilation but no mention of local ventilation). Olsen and Jensen (1994) , who made the original measurements noted that`both facilities have very ecient and well maintained exhaust systems'. Less weight is placed on the results from this exercise for these reasons.
MMMF workers exposed to respirable ®bres
The distribution of the information to the assessors for these jobs was undertaken as described previously. However, only one assessment of exposure level was made by each of the two assessors.
The jobs in this exercise were drawn from three dierent processes: manufacture of glass®bre insulation wool, manufacture of¯ame attenuated glass micro®bres and press moulding of glass insulation wool. The insulation wool manufacturing jobs included the machine attendant, who worked at the ®bre forming end of a production line, and the takeo attendant, who removed ®nished MMMF boards from the production line and manually stacked them onto pallets. The roll-up attendant worked on the micro®bre production line (nominal diameter approximately 1 mm), bagging rolls of MMMF and manually removing them from the machine. In the same plant, the pot and burner mechanic carried out repairs on the ®bre forming equipment. This involved the application and removal of cement, containing refractory ceramic ®bre. In the moulding area, two workers (the press operator and his helper) were assessed. With the exception of one job (measured value approximately 1 ®bre/ml from a maintenance worker in the micro®bre plant), both assessors produced similar estimates of the exposure level (Fig. 4) . In the description for this job, the use of the refractory ceramic ®bres was not clear. This was a major de®ciency since these ®bres would have been an important source of exposure.
The bias for the ®rst assessor was 1.63 and, for the second assessor, 2.15. The correlation coecient between the log-transformed estimates of exposure level and the measured values was 0.79 for the ®rst assessor and 0.46 for the second assessor, although neither was statistically signi®cant.
Asbestos in a large store
A large store had been insulated with an asbestoscontaining material which had been sprayed onto the inside of the building cladding. The asbestos insulation was removed in 1978 but, in 1994, an inspection of the building found extensive asbestos contamination (mixtures of amosite and chrysotile).
Interviews were carried out with four members of sta to obtain information about the conditions within the store since 1978 and the tasks undertaken by those who worked in the store. The main use of the information was to provide a realistic basis for simulating conditions which may have prevailed in the past and to enable an assessment of exposure before the measurements were made.
Several simulations were carried out to re¯ect a range of work tasks carried out in the store. These were planned so that the activities that were most likely to produce high ®bre concentrations in air were carried out towards the end of the day to avoid invalidating subsequent tests. Simulations were undertaken by two people, one acting as the worker while the other, who was responsible for the Validation of a new method for structured subjective assessment of past concentrations 241 collection of the samples, was generally either a bystander or was unexposed. The worker was assumed to represent near-®eld exposure while the bystander was in the far-®eld. The data from this exercise are shown in Fig. 5 . The log-transformed estimated and measured exposure levels were highly correlated (correlation coecient 0.93), with a positive bias on the estimated exposure levels (1.55). The slope of the regression line was statistically signi®cant ( p < 0.001) but the intercept was not signi®cant.
Summary of the validation studies
The results from the initial assessments made in the ®ve validation studies are summarised in Table  3 . These show an almost universal trend of the assessors to overestimate exposure levels. Generally, however, there was a statistically signi®cant association between estimated and measured exposure levels. In only one scenario (styrene) was there a generally poor correlation between the two measures; although the measured exposures covered a small span (the ratio of the highest to lowest measurement was two) and the descriptive information was possibly de®cient. As the span of the measurements decreased, as might be expected, the correlation between estimates and measurements decreased. In addition, the slope of the regression line tended to decrease as the span reduced.
The reliability of the assessments, both within and between assessors, is summarised in Table 4 . Assessor 1 consistently produced higher exposure estimates than Assessor 2. The main exception to this was in the styrene reconstructions in the windmill construction plant, which has tended to reduce the inter-assessor bias for the styrene assessments overall. In two of the situations, there was a good correlation between the assessors estimates, with the exception coming from the respirable dust reconstructions. There is some indication that the second assessments were generally higher than the ®rst, although there was still a reasonable correlation between the replicate assessments. * Span=the ratio of the highest to lowest measured exposure level. 6 Bias=the ratio of the geometric mean of the estimated exposure level to the corresponding geometric mean measured exposure level.
7 Slope of the regression line of measured and estimated exposure level. } Correlation between the log-transformed estimated and measured exposure level.
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DISCUSSION
In the factories included in the MMMF epidemiology study, there are no systematic measurements of ®bre exposure levels prior to about 1980 and no measurements of other pollutants. This is a common situation in occupational epidemiological studies and so, in this and many other instances, the options available for retrospective exposure assessment are limited. In the MMMF plants, previous assessments of exposure level using simple mathematical models Krantz et al., 1991) have provided estimates for all employees within each factory, by calendar year. This approach, whilst sucient for interpretation of the mortality of the cohort as a whole, would be inappropriate for a case-control study where the cases and controls are matched by age and country. For this type of study, it is essential to have a method to estimate exposure, by job title, for individual workers. The only practicable approach has been to use information about the work and the work environment to subjectively assess exposure level and a new method has been devised to achieve this.
It is important that any exposure reconstruction method is validated. The validity of any model is dependent on its ability to predict exposure levels, both in terms of the relative dierences between a number of exposure scenarios and how close, on average, the exposures are to the`true' value. In our studies, we have judged the former criteria in terms of the correlation between estimated and measured values; although it should be noted that the measurements are not the`true' exposure since they are not without error. The latter criteria has been judged in terms of the bias in the estimates, again in relation to measurements.
In these studies, there was generally a reasonable association between the estimated exposure level and the measurements, with the correlation between the log-transformed measurements and estimates mostly between 0.5 and 0.9. This is comparable to the limited amount of validity data available for other subjective assessments (Hornung et al., 1994; Kromhout et al., 1987; Hawkins and Evans, 1989) . Kromhout et al. (1987) have also shown that subjective exposure assessments could be reliably assigned on a relative basis within a given work situation but, in their study, the relativities were not necessarily preserved from one work situation to another. We feel that the structured subjective assessment proposed here has some advantages in improving the consistency between situations, since model parameters may be translated from one scenario to another. However, we realise that the current validation exercise does not properly test this assertion and further work will be necessary to demonstrate this point.
The quality of the exposure assessment for individual jobs is dependent on the quality of the information presented to the assessor. For example, in the case of the MMMF worker using ceramic ®bres and the styrene workers, there were large discrepancies between the measured and assessed values. Clearly, the absence of key information or imprecision in that information may give rise to bias. What is not clear is exactly what information is required and how reliable individual sources of this information are. Similarly, the experience of the assessor may have an impact on the results. These aspects of the assessment process require further investigation.
We observed a trend for the assessors using the new method to produce estimates which were higher than the measurements, with the results from the heavy clay workers and the coating workers showing slight positive bias, around +30% to +40%, and the data from the asbestos simulations and the MMMF plant showing a larger positive bias (around +60%). Hawkins and Evans (1989) have also found a tendency for occupational hygienists to overestimate exposure levels, particularly when they are provided with limited information about the exposure scenario. It is possible, as we have argued previously (Cherrie et al., 1996) , that with appropriate training, assessors could learn to minimise this type of bias. Also, providing assessors with a starting or other reference exposure level should help to minimise bias (Hawkins and Evans, 1989) .
Information on the repeatability of the exposure assessments indicates that there may be dierences between individual assessors. These dierences were apparent for both the correlation between the estimates and the measurements, and in the extent of * The ratio of the geometric mean of the of second assessments to the corresponding mean for the ®rst assessment. 6 The ratio of the geometric mean for Assessor 1 to the corresponding mean for Assessor 2.
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Downloaded from https://academic.oup.com/annweh/article-abstract/43/4/235/141321 by guest on 11 February 2019 bias present. Both assessors were able to produce similar and reproducible exposure level assessments for the MMMF workers, perhaps because of greater familiarity with this industry. However, in the case of the heavy clay workers, the ®rst assessor produced two estimates of exposure level which were consistent; while the second assessor, who was not familiar with this industry, produced a slight positive bias in the ®rst assessment to a large negative bias in the second assessment. In the styrene validation exercise, both assessors again produced repeatable assessments, although they disagreed with each other and the measurements. It should be noted that each assessor worked independently without any prior training although both were, in part, responsible for developing the methodology. Despite these observations, the method seems to be reasonably reproducible overall but there is clearly the possibility of a shift in the subjective judgement of the assessors. This suggests that a carefully designed quality assurance system must be an important element in any exposure reconstruction. Training of assessors may also improve consistency.
The method described here provides a practical approach to reconstructing exposure levels for hazardous substances in occupational epidemiology. It appears to be reproducible, with a reasonably good association between assessed and measured exposures. Further steps are required to attempt to minimise bias, particularly training and the use of reference exposure levels. To help this process, additional guidance has been prepared for a number of hazardous substances and copies can be obtained from the author (JWC) on request. As with all exposure assessments, an appropriate quality assurance programme is essential. Validation of a new method for structured subjective assessment of past concentrations 245
